Abstract This study was conducted to investigate relationships of self-identified cold tolerance and cold-induced vasodilatation (CIVD) in the finger. Nine males and 34 females participated in the following 2 tests: a CIVD test and a selfreported survey. The CIVD test was conducted 30-min coldwater immersion (3.8 ± 0.3°C) of the middle finger at an air temperature of 27.9 ± 0.1°C. The self-reported questionnaire consisted of 28 questions about whole and local body cold and heat tolerances. By a cluster analysis on the survey results, the participants were divided into two groups: high self-identified cold tolerance (HSCT, n = 25) and low self-identified cold tolerance (LSCT, n = 18). LSCT had lower self-identified cold tolerance (P < 0.001), preferred hot thermal stimulation (P = 0.006), and wore heavier clothing during daily life (P < 0.001) than HSCT. LSCT had significantly lower maximal finger temperatures (T max ) (P = 0.040), smaller amplitude (P = 0.029), and delayed onset time of CIVD (P = 0.080) when compared to HSCT. Some questions examining the self-identified cold or heat tolerance had relationships with cold tolerance index, T max , and amplitude (P < 0.1). These results indicate that self-identified cold tolerance classified through a standardized survey could be a good index to predict physiological cold tolerance.
Introduction
It is well known that human environmental adaptability is influenced by a variety of factors (Maeda 2005) . Thermal environments in daily life affect acclimatization to both cold and heat. The cold-induced vasodilatation (CIVD) reaction is regarded as one of the indexes for local cold tolerance. CIVD firstly identified by Lewis in 1930 occurs when fingers, toes, nose, ear, or chin are exposed to cold (Fox and Wyatt 1962) ; their skin temperature falls at first sharply but soon fluctuates at a certain level, rising and falling alternatively. The level of cold acclimatization is reflected in peripheral vascular responses (Hoffman and Wittmers 1990) , though the reaction varies considerably among individuals (Lee and Lee 2014) .
According to previous studies (Enander et al. 1980; Hwang and Choi 2001; , people who frequently work outside during the winter or are exposed to cold water, such as farmers, cleaners, and butchers, have a more pronounced CIVD reaction and higher skin temperature when compared to students and office workers who experience less cold exposure. In addition, the development of heating facilities and increased availability of warmer clothing led to the attenuation of thermophysiological adaptations in humans (Lee and Lee 2014; Lee et al. 2013b ). Cold-acclimatized individuals lost their ability to adapt to the cold when chronically exposed to warmer temperatures or with greater use of protective clothing (Hoffman and Wittmers 1990) . Humans may require reacclimatization by periodic subthermal exposure to reactivate the protective mechanism conferred by human brown adipose tissue (BAT) in a thermoneutral world (Lee et al. 2013b) . Therefore, it is necessary to examine the effects of thermal lifestyle on cold tolerance.
Cold tolerance can be assessed through self-identified evaluations. Thermal sensation refers to the modification of consciousness by thermal sensitivity, which is defined as activation by thermal variation of specialized neural structures. This modification of consciousness results not only in analytic perception but also in agreeable or disagreeable feelings (Chatonnet and Cabanac 1965) . In addition, subjective perceptions like thermal sensation and discomfort are capable behavioral controllers (Schlader et al. 2011) . Most people subjectively understand their own heat or cold tolerance, which is related to behavioural adjustment, physiological/ psychological acclimatization, and habituation (Brager and De Dear 1998) . Psychological adaptation encompasses habituation and expectation altering one's perception and thermal reaction (Sundstrom and Sundstrom 1986 ). These are described in psychophysics as repeated or chronic exposure to an environmental stressor leading to a diminution of the evoked sensation's intensity (Frisancho 1993) . In this regard, significant relationships between self-identified cold tolerance and physiological cold tolerance can be predicted, although time differences for measurement exist in both.
Researchers are still interested in CIVD reactions because of cryoprotective function during cold exposure. It is supported by recent reports such as effects of heat acclimatization (Lee at al. 2013a) , ethnicity (Maley et al. 2014) , caffeine intake (Kim et al. 2013) , and trainability (Daanen et al. 2012 ) on CIVD. Also, several attempts were conducted to explore relationships between cold acclimation and human brown fat by the development of PET-CT scanning (van der Lans et al. 2013 ). While there are several studies about the effects of lifestyle related to nutrition, daily activity , and diets ) and brown adipose tissue (Lee et al. 2013b ) on cold tolerance, very little research has been investigated concerning relationships between self-identified thermal tolerances through thermal lifestyle and physiological thermal tolerance.
Some previous studies on CIVD (Cheung and Daanen 2012; Lee at al. 2013a ) support the idea that thermal lifestyle during daily life might be one of the factors which affect CIVD when varying degrees of thermal stimulus are considered. It is of interest to explore relationships between thermophysiological adaptation through self-identified judgment and CIVD reactions as a classical cold tolerance index. Therefore, this study investigated whether or not CIVD response is related to self-identified cold and heat tolerances which are attributable to thermal lifestyle. We hypothesized that a group with high scores on self-identified cold tolerance would have more pronounced CIVD response than the other group with low scores on self-identified cold tolerance.
Methods Participants
Forty-three students participated in this study: 34 females (age 21.8 ± 0.4 years, height 1.62 ± 0.01 m, body mass 51.6 ± 0.9 kg, BSA 1.51 ± 0.01 m 2 , and BMI 19.0 ± 0.4) and 9 males (age 24.4 ± 0.4 years, height 1.75 ± 0.02 m, body mass 64.9 ± 2.5 kg, BSA 1.81 ± 0.04 m 2 , and BMI 21.1 ± 0.51). None of the participants had any vascular and connective tissue diseases or took medicine that could influence CIVD reactivity. A full explanation of procedures, discomforts, and risks were given prior to obtaining informed consent. Data were collected in November. The experimental protocol was approved by the Institutional Review Board of Seoul National University (IRB No. 1209/001-002).
Experimental procedure and measures
Upon arrival, participants changed into experimental clothing: half-sleeved T-shirts, shorts, socks, and slippers. The trial followed the same sequence: resting, survey, and CIVD testing.
Survey on thermal lifestyle
We defined the terms about the thermal ability to cope with cold and heat that people judge subjectively as self-identified cold and heat tolerances. The questionnaire consisted of 28 items: 5 on personal information (age, height, body mass, gender, and type of residence) and 23 items for investigating self-identified heat and cold tolerance (Table 1) . Each question used a 4-point scale (1: strongly disagree, 2: disagree, 3: agree, and 4: strongly agree) except for Q1 which was a 9-point scale (1: very hot, 2: hot, 3: warm, 4: slightly warm, 5: neutral, 6: slightly cool, 7: cool, 8: cold, and 9: very cold).
Cold-induced vasodilatation test
The cold-induced vasodilatation (CIVD) test was conducted in a climatic chamber at an air temperature of 27.9 ± 0.1°C and 32 ± 10 % relative humidity (RH). Water temperature for a finger immersion was maintained at 3.8 ± 0.3°C and was mechanically stirred by a bath circulator (RW-0525G, GEIO TECH, Korea). An experimental trial consisted of a 10-min rest followed by a 30-min finger cold-water immersion and a 20-min recovery in a seated posture. Participants maintained their arms on a desk at heart level during the whole trial of 60 min and were asked to immerse the left middle finger up to the level of the middle phalanx in cold water at the 10th min. The remaining fingers were supported comfortably on the insulated platform of the water bath.
During the whole trial, skin temperature was recorded every 5 s on the left middle finger pad using a data logger (LT-8A, Gramme Ltd., Japan). In general, a CIVD response has been defined as an increase in skin temperature >0.5°C, >1.0°C (weak CIVD), or >2.0°C (strong CIVD) (Lee et al. 2013a) . We used a CIVD definition of >1.0°C increase in finger temperature because this study considered the degree of cold acclimatization through thermal lifestyle just during daily life while most research using a strong criteria in CIVD test were about group comparisons with big differences in thermal acclimation or acclimatization related to ethnic differences (Malaysian vs. Japanese) (Lee at al. 2013a) .
As for CIVD variables, the following characteristics from finger temperature curves were examined, according to Daanen (2003) , Hsieh et al. (1965) , and Lee et al. (2013a) : (1) time in minutes until the onset of the first CIVD following immersion (onset time, t onset ), (2) finger skin temperature at which the first vasodilatation occurred (minimum finger temperature, T min ), (3) a period in minutes of the temperature rise for the first CIVD (peak time, t peak ), (4) maximum finger skin temperature during the first vasodilatation cycle (T max ), (5) mean finger skin temperature from the moment of the CIVD onset to the end of the cold immersion (T mean ), (6) difference between T min and T max (amplitude), and (7) the number of waves of rise and fall in finger temperature (frequency). Frequency was counted when the skin temperature falls below the original minimum temperature during the first vasodilatation. The cold resistance index (RI) was calculated using T mean , T min , and t onset . Short onset times (<7 min) and high minimal (>4.1°C) or mean (>7.1°C) finger skin temperatures were rated by 3 points while long onset times (>12 min) and low minimal (<1.5°C) or mean (<4.0°C) finger skin temperatures were rated by 1 point. The RI score were summated each score of T mean , T min , and t onset , and ranges from 3 (weak reaction to cold) to 9 (strong reaction to cold) (Yoshimura and Iida 1950) .
Skin temperatures were measured on the following body regions: the forehead, chest, abdomen, forearm, hand, finger, thigh, calf, and foot (LT-8A, Gramme Ltd., Japan). Mean skin temperature ( T sk ) was calculated from a modified Hardy & Dubois' equation (Hardy and Du Bois 1938) :
T hand +0.19×T thigh +0.13×T calf +0.07×T foot . Psychological responses were determined by ratings of thermal sensation with a 9-point scale (−4: very cold ∼4: very hot) on whole body and left middle finger (ISO 1995) , thermal comfort with a 4-point scale (0: comfortable ∼ −3: very uncomfortable) on whole body, and pain sensation with a 7-point scale (0: no pain ∼6: very painful) on left middle finger every 5 min.
Data analysis
Data were expressed as mean with standard error (SE). Statistical analyses were conducted using IBM SPSS for , 4, 5, 7, 8, 10, 11, 12, 13, 15, 16, 17, 22 , and Mean) which had statistical differences between two groups. For all statistical analyses, an alpha level of 0.1 was used.
Results
Participants were divided into two groups by cluster analysis:
(1) one group with high self-identified cold tolerance and low self-identified heat tolerance (HSCT) and (2) the other group with low self-identified cold tolerance and high self-identified heat tolerance (LSCT). HSCT and LSCT consisted of 25 participants (4 males and 21 females) and 18 participants (5 males and 13 females), respectively. There were no statistical differences in all anthropometric characteristics (P > 0.1) except body mass (P = 0.087) between HSCT and LSCT (Table 2) . No difference was found regarding type of residence between the two groups: detached house (0 vs. 11 %), apartments (44 vs. 55 %), tenement house (8 vs. 6 %), studio (both 28 %), and dormitory (20 vs. 0 %) in HSCT and LSCT, respectively. Selfidentified cold tolerance was lower in LSCT than in HSCT (P < 0.001, Q4) while self-identified heat tolerance was higher in LSCT than in HSCT (P = 0.007, Q5; Table 2 ). LSCT had significantly lower T max (P = 0.040) and amplitude (P = 0.029), and delayed t onset (P = 0.080) compared to HSCT (Table 3 ). Figure 1 shows examples of finger temperatures from each female participant in the two groups (subject #30 from HSCT and subject #12 from LSCT). Mean finger temperatures of both participants were similar at rest but their temperature fluctuations differed during immersion and recovery periods. Subject #30 from HSCT showed a distinct coldinduced vasodilatation and a short onset time during the immersion period and finger temperature quickly returned to baseline within 2 min during recovery. On the other hand, subject #12 from LSCT showed an indistinct cold-induced vasodilatation and a delayed onset time during immersion and finger temperature slowly returned to baseline, which took about 17 min during recovery.
There were no statistical differences in skin temperatures for the right side of the human body between HSCT and LSCT (Fig. 2) . When based on the measurement period, right hand skin temperatures in HSCT and LSCT were lowered during immersion and the first recovery than during resting, and also were lowered during immersion than during the second recovery (P < 0.1). There were no statistical differences for all psychological responses between HSCT and LSCT (Fig. 3) .
Eight among 14 measures of the questionnaire which had statistical differences between HSCT and LSCT showed significant correlations with 7 CIVD variables such as RI, T max , amplitude, t onset , T min , and T mean . Q7, among measures of the survey, was a measure that had the most frequently significant relationship with CIVD variables. RI and T max , among CIVD variables, were variables that had the most frequently significant relationship with survey measures. In particular, RI showed negative relationships with Q1 (r = −0.344), Q4 (r = −0.344), Q7 (r = −0.454), Q15 (r = −0.394), and Mean value (r = −0.338) (P < 0.1, Table 4 ). Mean finger temperature during the resting period had relationships with Q7 (r = −0.333) and Q13 (r = 0.312) (P < 0.1).
Discussion
This study is original in terms of using the concept of selfidentified cold or heat tolerance and exploring the relationships between self-identified and physiological cold tolerance. We found significant relationships between self-identified cold tolerance and CIVD responses. Individuals who are subjectively sensitive to cold and insensitive to heat had lower T max , amplitude, and t onset when compared to participants who are subjectively insensitive to cold and sensitive to heat (Table 3 , Fig. 1 ). New findings in this study support the importance of thermal living environments during daily life. Furthermore, the present study suggests that questionnaires could be useful as an alternative and quick method for judging cold tolerance.
Characteristics of the two groups classified by questionnaire are very interesting in this study: LSCT was a group with low cold tolerance and high heat tolerance relative to HSCT. Most participants recognized themselves subjectively with the lower cold tolerance they have or the higher heat tolerance they have, and vice versa. Interestingly, LSCT reported that they usually wore heavier clothing compared to HSCT (Q22, P < 0.001, Table 2 ). The negative relationships between selfidentified heat tolerance and CIVD variables might exist when considering a previous study (Romanovsky 2007) ; cold sensitivity seems to be due to inhibitory synaptic input from nearby warm-sensitive neurons.
T max and amplitude in LSCT were significantly lower than those in HSCT while t onset in HSCT was significantly faster than that in LSCT (P < 0.1, Table 2 ). These results mean that HSCT had more pronounced and quicker CIVD reactions and higher finger skin temperatures when compared to LSCT. This is because HSCT has a superior ability to cope with the cold than that of LSCT, which is similar with results of some previous findings (Hwang and Choi 2001; Itoh et al. 1970; Nelms and Soper 1962; which showed that people with repeated cold exposure had shorter onset time.
This also means that the group classification by selfidentified cold tolerance was quite applicable. Populations exposed to cold for long periods, such as the Antarctic explorers and Eskimos, have higher finger and hand temperatures and lower decreases in finger temperature when compared to normal people (Brown and Page 1952; Hoffman and Wittmers 1990) . Also, it is important to maintain the effective thermal lifestyle for individuals for sustaining their cold tolerance once they acquire it, considering the report that the coldacclimatized lost their ability to cold when chronically All data were expressed as mean ± SE; HSCT high self-identified cold tolerance (n = 25), LSCT low self-identified cold tolerance (n = 18) a Only data of 23 subjects in HSCT were used in CIVD variables because there were no CIVD responses in two subjects (#42 and #43) All data were expressed as mean ± SE. Q1 to Q23 were presented in Table 1 . Q1: 9-point scale (1: very hot, 9: very cold); Q2 ∼ 23: 4-point scale (1: strongly disagree, 4: strongly agree). Mean* was calculated arithmetically with 22 questions except for Q1. HSCT high self-identified cold tolerance, LSCT low self-identified cold tolerance exposed to warm temperatures (Hoffman and Wittmers 1990 ).
The present results can be interpreted similarly as the previous studies because HSCT showed CIVD reactions relatively closer to Antarctic explorers and Eskimos than those of LSCT. Cold tolerance of Korean women divers gradually disappeared as they changed their swimsuits from thin cotton suits to thick wet suits (Lee and Lee 2014) . That is, human beings can have different degrees of resistance against cold or heat according to what thermal environment they are accustomed to in daily life. In the present study, HSCT felt less sensitive to both cold and heat during daily life and preferred cold winter to hot summer than in LSCT. The self-identified results are consistent with the results of CIVD variables.
People who acclimated or acclimatized to cold feel less cold, pain, and discomfort in cold when compared to the unacclimated or unacclimatized. Therefore, subjective perceptions during the CIVD test could be an index for judging cold tolerance. In particular, pain adaptation in cold is related to cognitive relabelling of that sensation following frequent and severe cold exposures and/or adaptation of the peripheral Superscripts of asterisk, dagger, and double dagger refer to significant differences between each period (P < 0.1). All data were expressed as mean and standard error nervous system at the receptor level (Hoffman and Wittmers 1990) . Pain diminished after repeated cold-water immersion (Sawada et al. 2000) and Antarctic explorers did not report any discomfort during a CIVD test while the control group reported their first pain sensation 60 s after finger immersion (Hoffman and Wittmers 1990) . Therefore, we expected that HSCT would have less pain during the CIVD test, but there was no statistical difference in pain sensation between the two groups (Fig. 3) . Enander et al. (1980) could not find a statistical difference in CIVD responses between butchers and office workers. Such inconsistencies might be due to different levels of cold stimulation or rating scales with a narrow range unlike an 11-point rating scale with 'no pain at all' (0) to 'unbearable pain' (10) in Daanen and van der Struijs (2005) and Heus et al. (1995) . In this study, there was a statistical difference in the right hand (Fig. 2) , although the body part immersed in cold water was only the left middle finger. The thermophysiological significance of the finger needs to be stressed when considering that the percentage of the middle finger surface area to body surface area was just 0.29 % (Lee et al. 2007 ). Wholehand immersion produces a greater sympathetic response and delayed CIVD with lower finger temperatures, compared with single-finger immersion (Sendowski et al. 2000) . The greater sympathetic stimulus of whole-hand immersion may result in reduced variability compared with single-finger immersion (O'Brien 2005) . We found that even left middle finger immersion decreased right hand skin temperature, which reflects the central vasoconstriction mediated by core thermoreceptors affected by a reduction in blood temperature (Marshall et al. 1990 ) and the alteration by sympathetic stimulation (Sendowski et al. 2000) . Also, Flouris and Cheung (2009) mentioned that CIVD is a centrally originating phenomenon caused by sympathetic vasoconstrictor withdrawal.
The results from the CIVD test depend on the CIVD criteria. Among 43 subjects, 2 subjects (#42 and #43) in Fig. 3 Time courses of overall thermal sensation (a), finger thermal sensation (b), thermal comfort (c), and finger pain sensation (d). HSCT (n = 25) means a group with high selfidentified cold tolerance while LSCT (n = 18) means a group with low self-identified cold tolerance. All data were expressed as mean and standard error Table 1 . Pearson's coefficients, *P < 0.1, **P < 0.01 a RI stands for resistance index. Q8, Q10, Q11, Q12, Q17, and Q22 among total 14 questions with significant difference were no statistical relationship with any CIVD variables HSCT showed no CIVD responses when using the CIVD criteria of 1.0°C, and it was impossible to calculate the RI scores. When the CIVD criterion of 0.5°C was adopted, their RI scores were 5.5 ± 0.7. Furthermore, higher RI scores in this study than those in the previous studies might be because of the conservative CIVD criteria of 1°C. Interestingly, the categorization of subjects showed cold tolerance was incompatible with heat tolerance through results that people with high self-identified cold tolerance have low self-identified heat tolerance and vice versa, but there are possibilities of having different combinations.
Conclusion
This is the first study reporting that people with higher scores on self-identified cold tolerance had greater CIVD reactivity than people with lower scores on self-identified cold tolerance. We confirmed the possibility that self-identification on abilities to cope with cold and heat during daily life is significantly related to physiological responses. Furthermore, this result suggests that the level of individual cold tolerance can be evaluated by a standardized questionnaire on self-identified thermal tolerance. Such convenient evaluations can be applied to schools or military camps to monitor people who are sensitive to cold on a screening stage of health check-ups. We can expect that temperate people can improve their cold tolerance through changing thermal lifestyle such as living in mild cold environments or wearing thin clothing in the cold.
